Throughout Japan, almost all areas near hillsides or mountain slopes are threatened by landslides caused by heavy rainfall during the rainy and typhoon seasons. To mitigate potential disasters, many researchers have investigated landslides caused by heavy rainfall and have developed simulation models to predict landslide occurrence. However, because landslide mechanisms are complicated and involve many factors such as rainfall, surface and subsurface geomorphology, and soil physical properties, accurate prediction of landslides remains difficult by conventional simulation methods. Over the last several decades, many researchers have reported the existence of numerous preferential flow pathways for subsurface runoff, such as soil pipes or macro-pores in the soil layer. Simple infiltration analysis ignores those preferential flow pathways and therefore does not accurately simulate actual soil water flow, making it difficult to predict landslide occurrence accurately. For the last five years, we have investigated several landslide sites and have used experimental and modeling approaches to examine landslide occurrence. The results confirm that to improve precision of landslide prediction, simulation models should incorporate some important factors that affect landslide occurrence. This paper reports these issues as well as the results of the landslide investigations, and discusses the methods required to predict and mitigate landslide disasters.
INTRODUCTION
Landslides triggered by heavy rainfall are natural processes and are affected by various factors such as rainfall characteristics, soil strength and hydraulic properties, and subsurface geomorphology. Researchers have long investigated the relationships between landslides and these conditioning factors. Rainfall is the most important factor, and the relationship between rainfall characteristics and landslides has been studied intensively [e.g., Iverson, 2000; Keefer et al., 1987; Sidle and Swanston, 1981] . Soil hydraulic properties control rainfall infiltration within the soil layer, and soil strength refers to soil resistance against the sliding force of soil mass. Considerable research has also been conducted on these important soil physical properties [e.g., Harp et al., 1990; Montgomery, 1997; Vieira and Fernandes, 2004] . Subsurface geomorphology, including preferential flow pathways and concave bedrock topography, concentrates infiltrated rainwater and is thought to be closely related to landslide occurrence. Therefore, researchers have also widely studied subsurface geomorphology [e.g., Dietrich and Dunne, 1978; Hack and Goodlett, 1960; Uchida et al., 2001] . The importance of these conditioning factors is now well understood, and the mechanisms by which they affect landslides have been widely investigated. However, methods incorporating these factors to predict landslides triggered by heavy rainfall are insufficiently developed. Generally, model simulations are effective methods for confirming and clarifying the mechanisms of a physical process including various conditioning factors. Therefore, simulations of landslides, incorporating the effects of factors such as rainfall characteristics, soil physical properties, and subsurface geomorphology, can elucidate the mechanisms. Development of a simulation method that incorporates detailed landslide mechanisms is an essential component for accurately predicting landslide occurrence and mitigating sediment-related disasters.
Over the last five years, frequent landslide disasters have occurred throughout Japan. We visited several landslide sites (see Table 1 ) and examined each in regard to the geomorphology of the landslide scar, bedrock topography, soil hydraulic properties, and the rainfall condition antecedent to the landslide.
Information about the landslides was also collected from residents who had witnessed the events. All of the information was synthesized and confirmed that several factors are vital to clarifying the mechanism of landslide occurrence: 1) preferential flow pathways within the subsurface layer;
2) multi-phase slope failure; 3) soil physical properties, including hydraulic properties and soil strength; and 4) rainfall characteristics.
This study used a physical experiment and numerical simulations combining rainwater infiltration analysis and slope stability analysis to clarify the mechanisms by which these factors contribute to the occurrence of landslides.
The following sections will present the methods used by the model to simulate rainwater infiltration and slope stability, along with a detailed discussion of each factor including observations at the actual landslide sites, physical experiments, and numerical simulations.
SIMULATION METHOD

Rainwater infiltration analysis
Water flow within a soil matrix can be calculated using Richard's equation:
where C(ψ) is the soil water capacity and K(ψ) is the hydraulic conductivity.
he lognormal model proposed by Kosugi [1996] can be used to represent C(ψ) and K(ψ) for unsaturated conditions (ψ < 0): 
For saturated conditions (ψ ≥ 0), values are set at, K(ψ) = K s and C(ψ) = 0.0.
Richard's equation can be solved using the finite element method [Istok, 1989; Zienkiewicz, 1971] . In the soil matrix flow calculation, a preferential flow pathway is assumed as a line without volume.
Preferential flow model
Using the preferential flow model developed by Tsutsumi et al. [2005a] , the pipeflow was calculated for three differing types of flow within the pipe: (I) no pipeflow, (II) partially filled pipeflow, and (III) full pipeflow. To compute the pipeflow numerically, the pipe was divided into n p segments. The ends of the segments correspond to the nodes used for finite element calculation of the soil matrix flow. Calculation methods for each type of pipeflow are explained below.
No pipeflow
In this case, it is not necessary to consider the interaction between pipeflow and soil matrix flow because no water flows within the pipe. The soil matrix flow is calculated as if there were no pipe within the matrix.
Partially filled pipeflow
Seepage from the soil matrix into the pipe can be calculated by imposing the Dirichlet boundary condition to the pipe boundary. The pipeflow rate can be computed by summing the seepage from the upper point where pipeflow appears, using the following equation:
where Q p,k is the flow rate within the k th segment, and S p,i is the seepage (or backflow) at the node corresponding to the upper end of the i th segment.
Full pipeflow
Full pipeflow can be calculated using Manning's equation, based on the experimental results of Kitahara [1989] . The flow rate within the pipe, Q p,k , can be expressed as
where n is the roughness coefficient, R is the hydraulic radius, φ p,k is the hydraulic potential at the lower end of the k th segment, l p,k is the length of the k th segment, and A is the cross-sectional area of the pipe. Various field pipe configurations can be simulated simply by modifying the cross-sectional area A and the hydraulic radius R. Flux S p,k at a node, which is the junction of pipe segment k, can be specified as
S p,k is then applied to the node as a point source or sink in the soil matrix flow calculation, as shown in the previous subsection. Soil matrix flow and pipeflow are calculated alternately until the calculated water flows, within the soil matrix and soil pipes, reach convergent stages.
Slope stability analysis
A slope stability analysis was conducted simultaneously with the infiltration analysis. A simplified Janbu method was used to analyze slope stability because this method can be applied to any shape of slip surface. In the simplified Janbu method, a soil layer is divided into vertical slices, and the balance of stresses and slip condition within each slice is assessed. This method is used to calculate the factor of safety F s , which can be expressed as Based on previous studies by Kubota and Nakamura [1991] and Yamagami and Ueta [1988] , the dynamic programming (DP) method was used to determine the slip surface that provides a minimum factor of safety. The spatial distribution of pore water pressure, calculated through a rainwater infiltration analysis, was used as input data in the slope stability analysis.
CONSIDERATION OF PREFERENTIAL FLOW PATHWAYS WITHIN A SUBSURFACE LAYER
Preferential flow pathways within a soil layer generally hasten rainwater infiltration and make a slope more stable. However, researchers have consistently shown that the clogging of preferential flow pathways decreases slope stability and may trigger landslides [e.g., Pierson, 1983 : Uchida et al., 1995 . Other studies have confirmed the effects of preferential flow within a soil layer on rainwater infiltration and slope stability using experimental data [Tsutsumi et al., 2005b] and numerical simulations [Tsutsumi et al., 2005c] .
Preferential flow through fractures in bedrock has a similar function to that in a soil layer. One example is the landslide that occurred in Minamata, Kumamoto Prefecture, on 20 July 2003. Figure 1 presents the hyetograph for that date. While the area experienced only 70 mm of rainfall during the 10 days preceding the disaster, a moderately deep landslide (maximum depth of 10-15 m) occurred during the highest rainfall intensity (around 5 a.m., about 90 mm/hr). Observations of the landslide site revealed many fractures in the weathered andesite layer on the tuff-breccia bedrock (Fig. 2) . In this situation, it is probable that rapid rainwater transportation through the fractures in the weathered andesite quickly produced pore water pressure at the bottom of the weathered andesite layer, causing the relatively deep-seated landslide without any delay after the time of peak rainfall [Sidle and Chigira, 2004] . To confirm this scenario, numerical simulations were conducted to assess rainwater infiltration and subsequent changes in slope stability. Figure 3 shows the assumed problem domain based on the actual geomorphology at the landslide site. The soil layer was assumed to have a depth of 2 m from the surface, with the weathered andesite layer below. A no-flux boundary condition was imposed for the bottom of the weathered andesite layer. Calculations included three cases of preferential flow pathways (Cases 1, 2, and 3). Case 1 was based on the assumption of no preferential flow pathway, which was just a simple matrix flow calculation (Fig. 4b) . For Case 2, three longitudinal soil pipes with a diameter (d) of 5.0 cm were placed at a boundary between the soil and weathered andesite layers; these pipes were connected to vertical fractures, the shape of which was similar to that of soil pipes. The vertical fractures were connected to a longitudinal fracture parallel to the slope near the bottom of the weathered andesite layer; this fracture was also similar in shape to a soil pipe. The outlet of the longitudinal fracture parallel to the slope was the opening to the outside of the slope at the downslope end (Fig. 4b) . Case 3 was based on preferential flow pathways similar to those used for Case 2, but the longitudinal fracture near the bottom of the weathered andesite layer was discontinuously broken into three longitudinal fractures, and the downstream ends of these longitudinal fractures were located inside the weathered andesite layer (Fig. 4c) . All preferential flow pathways were set on a vertical plane across the center of the slope width (2.0 m). Table 2 lists the hydraulic properties, diameter of assumed shows calculated changes in the factor of safety for each case, with the hyetograph for the simulations. In Case 1, the factor of safety decreased to below 1.0 at the beginning of the rainfall peak (at 3:55 a.m.). In Case 2, the factor of safety maintained a high level and did not decrease below 1.0. In Case 3, the factor of safety decreased suddenly at the beginning of rainfall and decreased below 1.0 at the end of the rainfall peak (at 5:10 a.m.). Figure 6 shows the locally calculated distribution of the factor of safety (assuming that the gradient of the slip surface was equal to that of the slope surface) and the calculated slip surfaces when the factor of safety was 1.0. In Case 1, only the surface soil layer collapsed, and no unstable zone appeared within the andesite layer. In Case 3, the slip surface was calculated to cut the unstable zone within the andesite layer, and a relatively deep landslide was simulated. In Case 2, an unstable zone was not calculated due to the drainage effect from the preferential flow pathway. The actual preferential flow network consisting of fractures and soil pipes at the Minamata landslide site was very complex. Therefore, it was not investigated sufficiently, and the preferential flow pathways were not fully represented in the numerical model. Although the modeled preferential flow pathways were quite simplified, simulated soil water infiltration and slope stability differed greatly between the three cases, and the results for Case 3 most resembled the actual landslide occurrence. Therefore, accurate simulations of rainwater infiltration and slope stability must incorporate preferential flow within the soil or bedrock layers.
MULTI-PHASE SLOPE FAILURE
An investigation of a site after a landslide occurrence cannot reveal whether the slope failed all at once or in multiple stages. It is usually assumed that landslides occur all at once, but some landslides appear to occur through multi-phase slope failure. According to an interview with a resident who witnessed the landslide in the Kotaki area of Miyagawa, Mie Prefecture, on 29 September 2004, the first landslide occurred around 10:15, and approximately 20 min later the upper part of the first landslide collapsed (Fig. 7) . Another typical example is the landslide that occurred in the Minamikouchi area, Taketa, Oita Prefecture, on 6 October 2005. According to an officer from the prefectural government, the first small landslide occurred around 10:30, and the sediment reached a house. One hour later, two residents of the house who had been evacuated for safety, returned home to see the damage. While they were in the house, a second large landslide occurred and completely destroyed the house; the two residents were still listed as missing Table 3 lists the values of the mixing ratio, φ, and c.
For all cases, soil was filled in the flume with a length of 5.0 m, a width of 0.2 m, a depth of 0.3 m, and a 30-degree gradient. Artificial rainfall with an intensity of 150 mm/hr was applied to the soil surface. During the experiment, water potential at the bottom of the soil layer and surface flow rate were monitored, and slip surfaces of the collapse were recorded using a video camera through a transparent sidewall of the flume.
Landslides occurred in Cases 1 and 3, but not in Case 2 because the soil in Case 2 had such high hydraulic conductivity. A landslide occurred in Case 1 at 15'05" from the beginning of rainfall and in Case 3 at 13'13" from the beginning of rainfall. Figure 8 shows the observed shapes of slip surfaces for Cases 1 and 3. A large portion of the slope collapsed at one time in Case 1, but in Case 3 three divided portions of the slope collapsed separately, with an interval of 0.4 seconds. The measured pressure potential indicated that underground water levels differed between Cases 1 and 3. In Case 1, the underground water table almost reached the surface, and the saturated area spread widely through the whole soil layer. Therefore, the entire slope became unstable, resulting in a large slope failure. In Case 3, the underground water table developed near the downslope end, and the saturated area was restricted to the soil layer in the lower part of the slope. Therefore, only the lower part of the slope became unstable, resulting in a small slope failure near the downslope end. Because the upper part of the slope lost support after the first collapse, the second and third collapses occurred one after another. Soil hydraulic properties and soil strength might affect whether a landslide is single or multi-phase. Model simulations were conducted to elucidate how these soil physical properties affect the occurrence of multi-phase landslides; the results are presented in the next section.
Model simulation of an actual landslide
In conventional model simulation of landslides, calculation generally stops once the first landslide occurs (F s becomes 1.0). However, simulation of a multi-phase landslide requires that calculations continue after the first landslide has occurred. A new modeling method was developed to simulate multi-phase landslides. When the model has simulated a landslide occurrence, a new problem domain is assumed for the infiltration analysis, removing the soil portion above the calculated slip surface, and calculation continues using the newly assumed soil layer. The newly assumed soil layer is subject to an initial condition of the pressure potential that was calculated just before the former landslide, except for the new downslope end boundary, which was the slip surface of the former landslide. The new downslope end boundary is subject to an initial condition of the pressure potential that was calculated just before the former landslide if it was negative, but a zero pressure potential is given if this value was positive. Table 4 lists the hydraulic properties and soil strength used for the numerical simulation of the slope in the Minamikouchi area, Taketa, Oita Prefecture. Figure 9 shows the results of the slope simulation for the Minamikouchi area, where a multi-phase landslide occurred on 6 September, 2005. At 9:01, the factor of safety was calculated at 1.0, and the first landslide occurred. After the unstable part of the slope was removed, the factor of safety increased, and calculation continued; the second landslide occurred at 10:46. The timing of the simulated multi-phase landslide matched well with the actual landslide, but the final shape of the simulated landslide scar was smaller than the observed shape due to the simplest re-formation of the soil layer and pressure potential conditions after More precise results will require improving the simulation methodology with regard to the re-formation of surface topography and the distribution of water pressure after the removal of the earlier landslide.
Numerical analysis of landslide size and timing based on soil physical properties
The experiment discussed in the previous subsection revealed that the type of landslide (single or multi-phase) depended on soil physical properties. The corresponding model simulation also produced differing landslide results due to the various soil physical properties. To determine how each physical property affects multi-phase landslide occurrence, simulations were conducted using a hypothetical slope the same size as the experimental slope, applying various values for internal friction angle φ, cohesion c, and hydraulic conductivity K s . Table 5 lists the parameters used in the numerical simulation. Values for the simulated slope, soil hydraulic properties, and rainfall conditions were identical to those used in the experiment discussed in the previous subsection. Figures 10 and 11 show how soil strength affects the timing and size of the first landslide; the red triangles represent areas where the slope collapsed during the initial simulation stages, and the blue triangles represent areas where the slope did not collapse at the equilibrium state. The circles and values in parentheses represent the experimental results. Figure 10 reveals that the timing of landslide occurrence increased as both the internal friction angle φ and cohesion c increased. These results appear to reflect reality; comparison of the simulated and experimental results showed that the actual landslides occurred slightly earlier than the simulated landslides in Cases 1 and 3. Figure 11 reveals that landslide size tends to increase as soil cohesion c increases and internal friction angle φ decreases; this values, a multi-phase landslide is more likely. The simulated and experimental results did not match perfectly with regard to the actual size of the first collapse, but simulations were able to represent the differing tendencies between Cases 1 and 3 very well. The results revealed similar tendencies between Cases 1 and 3, but the details differed. Therefore, the timing and size of the first landslide are also affected by hydraulic properties, slope shape, and rainfall patterns.
EFFECTS OF RAINFALL CHARACTERISTICS
A deep-seated landslide occurred in the Senokuchi area, Taketa, Oita Prefecture, after more than 500 mm total precipitation from typhoon 0514 on 6 September 2005 (Fig. 12) . The maximum rainfall intensity was not particularly great (about 30 mm/hr), but rainfall duration was more than 48 hours antecedent to the landslide occurrence. It is well known that deep-seated landslides are usually caused by a rainfall event with large total precipitation and long duration. The Senokuchi landslide exemplified this relationship.
Rainwater infiltration and slope stability analyses were conducted to elucidate how rainfall characteristics such as intensity and duration affect landslides. These analyses applied actual measured rainfall and three differing hypothetical rainfall values to the slope in the Senokuchi area. Figure 13 shows four rainfall events that were applied in the simulation. Case 1 is the actual measured rainfall; Case 2 is a hypothetical rainfall with double the intensity and half the duration of Case 1; Case 3 is a hypothetical rainfall with four times the intensity and one-quarter the duration of Case 1; and Case 4 is a hypothetical rainfall with half the intensity and twice the duration of Case 1. Thus, while each case has a different intensity and duration, they all have identical total precipitation. Table 6 lists the parameters used in the numerical simulations. Figure 14 shows the results for the Case 1 simulation; the upper figure presents changes in rainfall intensity and factor of safety (F s ), and the lower figure illustrates the distribution of the pressure potential and the shape of the slip surface when calculated F s was zero. The estimated time of landslide occurrence was 13:55, 6 September, about three hours after the time of peak rainfall; this was very similar to the actual time of landslide occurrence (around 14:00). The slip surface was calculated as if it cut off the low pressure potential area from the soil layer. The calculated and observed shapes, length, and depth of the slip surface were very similar. These temporal and spatial results suggest that the model simulated the landslide quite accurately. However, the slope stability analysis was two dimensional and thus unable to incorporate the three-dimensional shapes of the slip surface and bedrock topography. Therefore, the simulated landslide was not a reproduction of the actual landslide, but the method by which it was obtained could be used to investigate the effect of rainfall patterns on landslide characteristics. Model simulations were also conducted for Cases 2, 3, and 4. Figure 15 presents the results along with the results for Case 1. The upper figure shows changes in rainfall intensity and F s , and the lower figure shows the calculated shape of the slip surface for each case. In each case, F s decreased as rainfall increased, but its sensitivity to rainfall varied depending on the rainfall pattern (i.e., F s decreased more rapidly when rainfall had a higher intensity and shorter duration). Delays from rainfall peak to landslide occurrence were 192, 32, and 10 min for Cases 1, 2, and 3, respectively. With regard to the shape of the slip surface (see Fig. 15, lower figure) , the size of the landslide increased with longer rainfall duration and lower rainfall intensity. These temporal and spatial landslide tendencies depending on the rainfall pattern matched the empirical results well. No landslide occurred in the simulation with the longest rainfall duration and lowest rainfall intensity (Case 4). Therefore, the threshold of rainfall intensity that can cause a landslide may vary for each slope depending on the topography and hydraulic properties of the soil layer.
CONCLUSIONS
In this study, we investigated four landslide disaster sites and conducted various numerical simulations. These investigations and simulations revealed several important factors for clarifying the mechanism of landslide occurrence and mitigating landslide disasters:
1) The field investigation revealed that preferential flow pathways though fractures in weathered bedrock triggered a deep-seated landslide in Minamata, and a numerical simulation that incorporated preferential flow confirmed this mechanism of landslide occurrence. 2) More accurate prediction of landslide occurrence requires incorporating subsurface geomorphology, including preferential flow pathways.
3) Multi-phase landslides were observed at several sites, and it was confirmed that this phenomenon is not uncommon. Numerical simulations revealed that the size of the first landslide, which is a criterion for multi-phase landslide occurrence, depends on soil physical properties including internal friction angle and soil cohesion. 4) It was confirmed that even with identical total precipitation on an identical slope, differing rainfall patters affect landslide scale and time of occurrence. The relationship between simulated landslide and rainfall characteristics matched empirical results well.
To elucidate landslide mechanisms and mitigate landslide disasters, methods of landslide prediction must be improved by incorporating complicated factors such as subsurface geomorphology, multi-phase landslide occurrence, and rainfall characteristics.
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